Introduction
Phosphorene or orthorhombic black phosphorus mono layers gained more attention during the past few years in parallel with other 2D and quasi-2D materials such as graphene, silicene, Transition Metal Dichalcogenides (TMDCs). This increased interest in phosphorene is due to its puckered honeycomb structure and sp 3 hybridization that results in unusual electrical and optical properties.
Similar to graphene, it was also prepared using mechanical exfoliation technique [1] . Interestingly it has a strain-dependent as well as layer-dependent direct band gap which varies from 1.3 to 2 eV (for 1-5 layers) [2] . The existence of this gap raises a current on/off ratio to ~10 5 [1] , hence it can be a good candidate for making tunable photo detectors with a wide spectral range (i.e. visible to IR) [3] and ultra-low power electronics. Unlike TMDCs, with low carrier mobility of ~100 cm 2 /V.s, phosphorene has a high hole mobility which that can be changed from 10000 cm 2 /V.s to 26000 2 cm 2 /V.s. Moreover, it has different values of electric polarizability for zigzag and armchair directions which originates from high in-plane anisotropy in phosphorene [4] . This property can be used to fabricate field effect transistors and optoelectronic devices like photo detectors, solar cells and Light Emitting Diodes (LED) [5] . As phosphorene is strongly anisotropic, it shows linear dichroism between orthogonal in-plane directions [5, 6] . It was shown that phosphorene has a highly anisotropic phonon dispersion which leads to an asymmetrical thermal conductivity [7] .
Similar to graphene ribbons, phosphorene nanoribbons (PNRs) can be created by cutting or other methods. Recently, wide phosphorene ribbons were successfully obtained using a combination of mechanical−liquid exfoliation [8] .
A number of theoretical methods were used for electronic structure calculation of phosphorene such as Density Functional Theory, the GW approximation, pseudo potential approaches and a linear combination of atomic orbitals (LCAO) or the tight-binding method. The band structure of monolayer phosphorene was first investigated in 1981 by Takao et al. using the TB method [9] . An improved TB model based on the Slater-Koster-Harrison method was later presented by Osada [10] .
The electronic and transport properties of PNRs are strongly dependent on the nanoribbon width and the chirality of the edges. The electronic properties normal and skewed phosphorene nanoribbons (nPNRs and sPNRs) with different edge geometries were also investigated in Refs. [11, 12] . Besides, the presence of a quasi-flat edge band close to the Fermi level in PNRs were demonstrated in [10, [13] [14] .
These quasi-localized states form at the finite system and decay exponentially with distance from edges. The nature of the edge states depends on the ribbon width and the chirality of the edges.
Furthermore, they have a pronounced splitting in their energy levels. It was shown that quasi flat band for zigzag-edge and cliff-edge normal metallic nanoribbons and armchair-edge normal semiconducting nanoribbons is doubly degenerate [12] , and for the zigzag-cliff ones it is non degenerate. In the nanoribbons with cliff-cliff edge geometry there is no flat bands [15] . However recent studies [11] showed that the skewed-zigzag (sZZ) and skewed-armchair (sAC) nanoribbons have semiconducting and metallic characteristics, respectively. The TB parameters in these studies were based on GW approximation for monolayer phosphorene in two models i. can be deformed using mechanical uniaxial compression and they become an indirect-gap semiconductor, a semimetal, a metal, and ultimately a plane square lattice form by increasing the strain value [1, 14, 18] .
Another striking feature of monolayer phosphorene is its super flexibility. For example, Wei et al. showed that the tensile strain can be applied up to 27% and 30% along zigzag and armchair directions, respectively [19] . The puckered structure of phosphorene leads to negative Poisson's ratio which makes it exceptional among 2D materials [20] .
In this work, we propose electric field as a key parameter to tune the width of bandgap and the nature of sub bands in order to alter the optical dipole transition matrix elements for different photon polarizations. This in turn leads to adjustable photon absorption and emission spectrum. This is of high value for nano-optical detectors in which the electric field (back gate voltage) can be used to make the absorption sensitive to the polarity and wavelength. Our calculations were performed based on simplified TB model found in [17] for 3pz orbitals of sZZ nanoribbons.
The rest of the paper is organized as follows. Section II deals with the computational methods adopted for this study i.e. methods of generating band structure, the Density of States (DOS) and optical transition matrix elements. In Section III the main results which are effect of transverse and vertical electric fields on the band structure and symmetry of sub bands will be discussed in detail.
In Section IV, we speculate on the possible applications of the observed effects in transistors and the electrically tuneable optical dipole transition matrix elements for photo detectors.
II. Model and Method
In this study, we suppose the skewed phosphorene ribbon is sandwiched between two semi-infinite Here, the unit cell is introduced with dash box and NsZZ = 16 atoms. The unit cell is composed of two rows of atoms named even or odd in case of 80 or 81 atoms (in our calculations), respectively.
Electronic Structure: The easiest way to study the electronic properties of a pure system is to obtain its band structure. For this, we need the physical and geometric characteristics of the unit cells of the system. The unit cells of skewed-zigzag nanoribbons with NsZZ=160 and 162 atoms in our study were generated using Visualization for Electronic and STructural Analysis (VESTA) [21] . There is a difference between the band structure of the phosphorene ribbon with widths (uni cells) including odd and even number of atoms as it will be explained later. The eigen values and 5 eigenstates of each nanoribbon are obtained by diagonalizing the Bloch's Hamiltonian at each kx point:
where is it assumed that the nanoribbon is periodic along x direction, and 00 is intra-unit cell and −10 and −10 † correspond to inter-unit cell interaction Hamiltonians. kx represents the quasimomentum (electron wave vector) along periodic x direction. The hopping parameters used in the above mentioned tight binding scheme (see figure 1a) were adapted from [17, 18] where the authors extracted the set of parameters by fitting the sub bands of bulk (two dimensional) phosphorene to that of DFT-based computations. The DFT calculations use partially self-consistent GW0 approach with four maximally localized Wannier functions [22, 23] .
During this work it was brought to our attention that M. Grujic et al. [12] used ten hopping parameters model [17] instead of using five parameters [16] and stated that the above model resolved finer details in the band structure.
Density of states and conductance:
Electronic density of states is another important physical quantity for determining the electronic characteristics of a pure and disordered system. The density of states and conductance of the system were calculated using RGF method, in which effective
Green's function of the device is given as [24] :
where is the effective Green's function of the device and introduces the incident electron energy. Symbols L and R mean the left and the right leads, respectively and D for the device (figure 1b). L and R are self-energies for the left and the right leads, respectively. The system is described by a simple Hamiltonian in the nearest-neighbor tight-binding approximation as:
here ε and are on-site and hopping energies between the three of nearest-neighbor atoms,
respectively. The on-site energies for the leads and the device are zero, L = R = D = 0 eV , and the non-zero hopping energies are shown in figure 1a. † ( ) is creation (annihilation) operator for 6 electron on site ( ) which varies between (−∞, + ∞). Here, = ±1 and is layer thickness, also applied vertical electric field is introduced by z . = −e is the gate potential along the nanoribbon width which is added to the main diagonal of the Hamiltonian. is the applied transverse electric field. The transmission function of the system composed of the left lead, the right lead and the device can be calculated as:
in which L(R) is the broadening operator that is given by:
The self-energy operators L and R are calculated with the help of the RGF method [25] [26] [27] [28] .
These contain information about coupling of the device to the leads. The conductance of the system is evaluated at the zero temperature with the Landauer formula:
Besides, the density of states at the energy is found from the imaginary part of the Green's function i.e.:
Charge Carrier Distribution: To get an insight about the nature of the sub bands within the electronic structure, each eigenstate at each k point within the Brillouin Zone (BZ) is projected on its corresponding atom in the unit cell. As it is assumed that electron hopping (tunnelling) between the phosphorous atoms occurs only for pz orbitals, hence each number in the eigenstate corresponds to one orbital of each atom within the unit cell. In this case a Gaussian curve or a sphere is weighed according to the value of |Ψ| 2 and is centered on each atom to reflect the strength of pz contribution to that state. 
III. Results and Discussion
In this section, we demonstrate numerical results obtained from the effect of vertical and transverse electric field on electronic band structure and optical transition matrix elements for skewed-zigzag It is also noteworthy, that matrix element for z-polarized photon is much smaller than that of x and y polarizations. This means that both x-polarized and y-polarized incoming photons with the suitable energy (ℏ ≥ g ) can be absorbed better than a z-polarized photon. Additionally, the ypolarized photon has higher matrix element (about 0.6 eV) as opposed to x-polarized one (with maximum 0.006 eV at the BZ center or kx = 0). This further supports this notion that when the polarization of the photon is along the width (y) or Armchair direction, there is higher interaction between the field and electronic distribution, hence larger matrix element is expected. Figure 4 also proves that the electron distribution is mostly elongated along y direction and increases the dipole interaction with electric field along y (transverse). That results in the insulator-metal transition. Here, our system is exposed to a transverse gate voltage (e.g. Ey = 30 mV/Å) along the width. In figure 5 we observe the band structure, the conductance and the DOS in the presence of Ey which are in agreement with [12, 31] . It is observed that the transverse electric field causes upward and downward shift of energy for valence and conduction sub bands, respectively. 
IV. Conclusions
We observed that by applying transverse electric field to the skewed-zigzag (sZZ) phosphorene nanoribbons: (1) the two-fold degeneracy of quasi-flat bands can be conserved and this causes a semiconductor-to-metal transition, (2) V.
